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Abstract
Asphalt concrete (AC) pavements in cold regions ore prone to thermal cracking.
There are two theories to explain this. The first one is that at some low temper-
ature, the thermal stress in the pavement structure exceeds the tensile strength
of the mixture, usually in the winter. The second is that the AC mixture fails
through thermal fatigue that is caused by daily temperature cycling. There are
many ways of characterizing AC performance at low temperatures, and this
report summarizes the different failure criteria and test methods for doing this.
One test method described here that CRREL has developed is a thermal stress
test device for measuring thermally-induced stresses in the laboratory. The
device can be used for monotonic and cyclic loading, while various temperature
drop rates can be applied to the specimen. The calibration of the test apparatus,
loading pattern and specimen configuration used are described and typical
results are presented.

Cover: Step-motor system.

For conversion of SI metric units to U.S./British customary units of measurement
consult Standard Practice for Use of the International System of Units (SI), ASTM
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Thermal Stress Measurements in Asphalt Concrete

VINCENT JANOO, JOHN BAYER JR. AND MICHAEL WALSH

INTRODUCTION cracks in pavement structures are a problem be-
cause they act as conduits for the migration of

Thermal cracking in Asphalt Concrete (AC) water and fines into and out of the pavement,
pavements is a serious problem in the U.S., Cana- which, depending on the drainage conditions in
da,Japan and parts of Europe. It has been reported the pavement structure, can cause a saturated
in the continental U.S. at locations where the air condition in the base, subbase and subgrade. If this
freezing index isas little as 361'C day (Fig. 1). (Finn happens, it is possible that when truck or aircraft
et al. 1976). Thermal cracks usually run transverse- wheel loads are applied to the satura ted pavement
ly across road and airfield pavements (Fig. 2). Such structure, there will be excessive pore water pres-
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Figure 1. Above the 361 'C-days line is the area of temnperature cracking in North Anterica.



a. Typical transverse cracks.

1 u u!'i mm amrnml 14 UE I-I, Mel In 1-

b. Localized fazilure around a transverse crack.

Figure 2. Thermal cracks.

sures in the underlying layers, thus reducing the been reported in the literature. For example, Haas
effective bearing capacity of the unbound base et al. (1987) reported that the Canadian Air Trans-
and the upper subgrade layers. Transient wheel port Administration could have saved approxi-
loads can also cause pumping of fines through mately $10 million (1985 Canadian dollars) in
these cracks, which can produce voids under the maintenance costs if thermal cracking was re-
pavement. Additional stress cracking around the duced by 50"- only. Linde (1988) cited a 1972 U.S.
initial thermal crack (Fig. 2b) will he the result. Air Force report that estimated dhimage to air-

The economic impact of thermal cracking has planes caused by pavement cracking was about



2oG I i I I0 niti tion can also occur when AC pavements are subjected
of Cracking Tensile to temperature cycling from the daily daytime
. high and nighttime low temperatures, causing

0-- -what they call thermal fatigue, a concept similar to
- load-induced fatigue.

Thermal It is clear from past research that the stiffness of
Stress the asphalt cement has a strong influence on ther-

- mal cracking. There are several factors, however,
other than the properties of the asphalt cement

S-- that influence the initiation and frequency of ther-
mal cracking. These are aggregate type, type of

0.1- subgrade, traffic and even pavement thickness
(Deme and Young 1987, Janoo and Chamberlain
1987, Janoo et al. 1990). The current emphasis,
though, is to relate asphalt cement properties and
indices, such as viscosity and penetration, to low-

Ste. Anne Test Road temperature performance of AC pavements in
150/200 LVA Mix cold regions. The viscosity or penetration values,

or both, are used to produce one of two tempera-
-. 0 I ture susceptibility indices: the Penetration Index

-50 -4 0 -30 -20 -10 0 (PI) and the Penetration Viscosity Number (PVN).
Tern pera ture rC) They are used extensively to characterize the per-

Figure 3. Prediction offracture temperature formance of AC at low temperatures. There are,figre 3. restredictrio offralture temp uret. however, several drawbacks to using these indi-

ces. First, the indices depend on either the petrole-
urn refining technique or on the amount of wax

$130 million annually. Anothes -conomic benefit present in the asphalt. Second, these indices are
of reducing thermal cracking is extending the time developed from tests conducted at temperatures
before sealing or an overlay is required. of 4, 25 and 1350 C, making it necessary to extrap-

Currently, there are two theories on why ther- olate from the measured data to estimate the as-
mal cracks occur. The first states that thermal phalt properties at low temperatures.
cracking happens when the thermal stress (from CRREL, in conjunction with the Federal Avia-
low temperatures) in the AC pavement exceeds tion Administration (FAA), is conducting research
the tensile strength of the AC mixture. This is on characterizing the performance of AC pave-
called low-temperature cracking; it is associated with ments in cold regions. Part of this research is
the volumetric contraction that takes place in a characterizing the engineering properties of AC
material as the temperature drops. If the material mixtures at low temperatures, which we divided
is restrained, as in the case of a competent, new AC into three parts. First, we conducted a field study
layer in a pavement structure, the tendency to of the performance of "soft grade" AC mixtures in
shorten results in a therma1 stress that produces cold climates (Janoo 1990). Second, we developed
cracking when it exceeds the tensile strength of the a laboratory test method for characterizing asphalt
material. Figure 3 shows this situation. The tem- mixture properties at low temperatures. The test
perature at which the pavement fails is called the method required the development of equipment
fracture temperature. In fairly new pavements, for measuring thermally induced loads in an as-
cracks generally have been observed to appear at phalt mixture subjected to low temperatures in the
a spacing of 30 m or more. But, as the pavement laboratory. Finally, we initiated a test program to
ages or there are greater temperature drops, the study the engineering properties of unmodified
crack spacing can decrease to 3-6 m. and modified AC mixtures at low temperatures.

Observing transverse cracks in Texas caused The third stage of the research has been started but
Shahin and McCullough (1972) to propose a sec- not completed. This report summarizes the results
ond theory for thermal cracking. The extreme low of the second phase, i.e., the development of a
temperatures required for low-temperature crack- testing apparatus for measuring the thermal loads
ing are rarely found in Texas (McLeod 1970). Sha- in an AC mixture. The report starts with a brief
hinandMcCulloughsuggestedthatthermalcracks summary of current prediction models and test
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methods for predicting low-temperature perfor- S(t,T) = asphalt mix stiffness, function of
mance of AC. Then the development of the CRREL time and temperature
Thermal Stress Test (CTST) equipment is outlined. dT(t) = temperature drop (cooling rate).
Finally, some of the test results from the CTST are
presented. The material piperties required in eq 1 are the

coefficient of thermal contraction and the stiffness
PREDICTION OF of the AC. It can be solved numerically using the

finite difference method. If the coefficient of ther-mal contraction (a) is independent of tempera-

There are several models for predicting low- ture, eq 1 can be approximated as
temperature cracking, such as the viscous-flow-
temperature method (Fromm and Phang 1972) A(ox)i (S, + S-.-1)(T - T.-). (2)
and the penetration (PI) method (Sugawara et al. 2
1982), but the two most commonly cited in the Hills and Brien (1966) and Christison et al. (1972)
literature are: used an d ti e (1 ) an to et . (197 -

L The mix cracking temperature method. used a loading time (t) equal to the time step (t -

2. The limiting mix stiffness method. t1 ) to calculate the stiffness of the AC.2. T t sOne of the drawbacks with the pseudo-elastic
Using the properties of the AC mixtures, the meth- method is that the stresses calculated from eq 1 are
ods try to predict the fracture temperature at which dependent on the time interval (f) used in the
cracks are initiated in the AC pavement. Failure in numerical evaluation (Christison et al. 1972). Mod-
either method is reported as the temperature at eling the AC as a visco-elastic material eliminates
which the cracking starts. this time step dependency, but it requires a greater

Mix cracking temperature method computational effort than the pseudo-elastic anal-
This model's failure criterion is that the pave- ysis (Christisonet al. 1972). With the availability of

ment will fracture when the thermally induced high-powered personal computers, the effort re-
stresses exceed the tensile strength of the AC mix- quired for the analysis can be reduced easilv.
ture. Computer programs such as COLD (Finn et Better characterization of the visco-elastic proper-
al. 1986) and TC-1 (Shahin and McCullough 1972) ties of AC will produce better estimates of the
use this failure criterion for predictinri low-tem- thermal stress.
perature cracking. As mentioned above, one of the material prop-

The thermal stress in the AC is calculated using erties required in eq 1 is the coefficient of thermal
analytical methods. For example, Monismithet at. expansion (contraction). Monismith et al. (1965),
(1965) used the stress equations developed by Littlefield (1967), Jones et al. (1968) and Oster-
Humpreys and Martin (1963) to predict the stress- kamp et al. (1986) reported measurements on ther-
es in a slab of a linear visco-elastic material subject- mal shrinkage of asphalt pavement. Several meth-
ed to a time-dependent temperature field. Based ods were cited in the literature for measuring the
on results from the Ste. Anne test road, Christison thermal expansion: strain gages, dual microscope
et al. (1972) found that, in representing the AC apparatus, LVDTs, and water- and mercury-filled
layer as a visco-elastic slab, their analysis tended dilatometers. From these measurements the coef-
to overestimate the thermal stresses in the slab. If ficikit of thermal contraction is back-calculated.
they modeled it as a visco-elastic beam, the ther- This material property is usually held constant in
mal stresses were underestimated, and modeling
the AC as a pseudo-elastic beam yielded interme- Table 1. Coefficient of thermal contraction (C) or
diate values. In the end, for the sake of simplicity, AC mixtures.
COLD and TC-1 calculate the thermal stresses Trnpr,-aure

using the pseudo-elastic equation of Hills and In xesli aX range

Brien (1966). The equation is ______ _,a ____ /1(1 C)
Monismith el ail. (1965) 12-2.5 _-23 it 21
Jones et al. (1968) 2.0 -37 it 16

0t)1= fa(T) S(t,T)dT(t) (1) Birgess ci al, (117 ) 1.7-2.2 -40( 20
t Osterkamp et aL. (1986) 1 "7- •2 . 56 it 4

Suawara ci al, (1982) 2.0 )
where v,(t) = accumulated thermal stress Saw et al. (1982) 2-1-3.( -20 to i10

u(T) = coefficient of thermal contraction This Ntudy 2.4 40 I)
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The second material property required in eq 1 is•
the stiffness of the AC mixture. It is generally •
estimated by first estimating the asphalt cement •
stiffness using Van der Poel's (1954) nomograph. t Vi Stes Vertica Stress

The stiffness of the asphalt cement is then used/- -•
with either the Heukelom and Klomp (1964) rela- -o0- •
tionship between asphalt and mixture stiffness or Horizontat Stress HrioalSesthe Bonnaure et al. (1977)nomograph to estimate o

the AC stiffness. Gaw (1978) compared measured
and calculated asphalt cement stiffness and found

significant differences in the asphalt stiffness val-
ues at low temperatures (Fig. 4). The differences 1.0 -Y

were attributable to the type of asphalt and the
temperature susceptibility index (Pi or PVN) used. 1.0
The data also showed that loading time greatly Tension Compression

affected both the calculated or measured stiffness.
The calculated thermal stress from eq 1 is then

compared with the tensile strength of the AC
mixture, which can be determined from indirect or
direct tension tests. The indirect tension test, also
called the tensile splitting test, has been used exten-
sively to characterize the stress-strain response of
AC at low temperature (Shields 1964, Christison
1966, Anderson and Hahn 1968, Haas and Ander-

son 1969. Shields et al. 1970, Christianson 1970,
Dempsey et al. 1980, Anderson and Epps 1983,
Anderson and Leung 1987, Hadipour and Ander- Figure 5. Relative stress distributions and element
son 1988). The test consists of loading Marshall showingbiaxialstateofstressfortheindirect tensile test
specimens (102mm in diameter and 64mm thick) (after Kennedy 1977).
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Figstre 6. Diatetrical indirect tension test eq o 5iipmefnt.

across a diameter in a compression testing frame. A more rigorousmethod for calculating the tensile
As the specimen is compressed at a set tempera- strength from theindirect tension testcanbe found
ture andeda application rate, a revel y uniform in Kennedy m1977).
tensile stress develops on the vertical diametrica, The tensile strength obtained from this test
plane of the specimen (Fig. 5). Ultimately, the depends on the loading rate (Fig. 7). It appears
specimen is subjected to a failure load and it fails from the data that, below -10°C7, the effect of

by splitting along its vertical diameter. The ap- loading rates is insignificant, while above xeC the
plied load, and horizontal and vertical deforma- effect is significant. The higher the loading rate is,
tions are monitored with a load cell and LVDTs the higher is the tensile strength. Several loading
respectively. A schematic of the tensile splitting rates have been cited in the literature for simulat-
test is shown in Figure 6. ing thermal loading: Anderson and Leung (1987)

The theoretical basis of the tensile splitting test used a loading rate of 1.5 mm/min; Von Quintus
is the theory of elasticity and the assumption of a et al. (1988) used a loading rate of 1.25 mm omin;
plane stress condition (Y, = 0). As the specimen is and Dempsey et al. (1980) used a loading rate ofu.8
loaded, a biaxial stress state develops in it (Fig. 5). mm/min.
Besides the tensile stress on the vertical plane, The effectof temperature on the tensile strength
compressive stresses are generated on the vertical of AC is shown in Figure 8, with the exception of
and horizontal planes. The compressive stresses cold lake asphalt. The softer grade--200/300 pen--

on the vertical plane (y-axis) can be greatly re- asphalt mixture (Fig. 8b) reacheulats peak tensile
duced (but not eliminated) when the point load is strength at much lower temperatures than the
substituted with a distributed load via a loading harder 85/ 100 pen asphalt, which reaches its peak
strip. The tensile stress at the center is given by strength at around -10°C.

In general, the indirect tension test is popular
-2P because of its simplicity. It requires the common

7c--- dt Marshall test specimens and it has been used
extensivelyover the years. However, as Haas (1973)

where (3t = tensile stress pointed out, the stress state in a specimen subject-
P = applied load ed to an indirect tensile test is more complex than
d = diameter of specimen what is assumed in the calculations of tensile

t = thickness of specimen, stress. The total deformation measured (hence the

6
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Figure8. Failure stress-teinperature relationship (after Haas 1973).

strain calculated) is the resultant of the compres- shown in Figure 9. Haas (1973) suggested that,
sion and tensile deformation in thespecimen. With concerning low-temperature behavior, this test
respect to thermal cracking, the loading condition more closely simulates the actual stress state and
used and the mode of fracture do not simulate fracture mode. Since low-temperature shrinkage
actual field conditions. The results of this test fracture occurs under a slow buildup of tensile
therefore do not characterize the actual low-tem- stresses, the rate of extensions used in the test are
perature response of AC. At best, it is an index for very low. Haas' (1973) guidelines for rates of ex-
characterizing low-temperature performance. tension to be used are from 2.4 to 12 cm/s as the

Haas (1973) developed the direct tension test temperature increases from -30 to 30'C. Kallas
for determining the tensile strength of AC at low (1982) conducted similar tests and used an exten-
temperatures. This test wasbasicallydeveloped to sion rate of 8.3 x 10" cm/s at low temperatures.
overcome some of the problems of the indirect The measured parameters from this test are load,
tensile test. He used a rectangular AC beam that extension of the specimen, test temperature and
was 38 mm square x 102 mm long, and subjected time to failure. Typical stress-strain curves from
it toa uniaxial tensile load at a set temperatureand this test method are shown in Figure W'
rate of extension. A schematic of the test system is The direct tension test described above has not

7
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Figure 10. Stress-strain curves at temperature of -18 0C from constant rate
extension tests (after Haas 1973).

been as popular as the tensile splitting test. It is produced failures close to the ends. We suspect
slightly more complex to run, and special test that the fracture strength obtained from the small-
specimens need to be fabricated. Most of the expe- er test specimens may be higher than what they
riencc with this test method comes from the Uni- really are. Another drawback is that, as for the
versity of Waterloo, the Asphalt Institute and the indirect tension test, the rate of cooling is simulat-
Ontario Ministry of Transportation; however, as ed by an arbitrary rate of extension.
mentioned above, this test does come closer to
simulating field conditions. A drawback to this Limiting mix stiffness method
test is the specimen size. For example, for i _ix This method's failure criterion is that the pave-
containing aggregates having a maximum diame- ment will crack when the AC mixture reaches a
ter of 19 mm, the minimum cross-sectional area of limiting stiffness value. McLeod's (1970) experi-
the test specimen is 45 cm 2 (under the assumption ence with pavements in Canada and the northern
that, for the specimen to be homogenous, the U.S. led him to conclude that pavements cracked
minimum-diameter-to-grain-size ratio is 4). when the mix stiffness reached 6.9 x 109 N/m 2 at

We have tested 76-mm-square specimens. We a loading time of 20,000 seconds. Gaw et al. (1974),
were able to restrict the failure planes to the mid- on the basis of results from the Ste. Anne test road,
die third of the specimen if we kept the specimen- concluded that cracking occurred when the mix
length-to-width ratio to 2.5. Increasing the ratio stiftness reached 18 x 109 N/m 2 at a loading time

8



of 1800 secondh ýrpenter and VanDam (1985) obtained from creep and flexural bending tests.
suggested that craclking would take place when the From the indirect tenion test, the stif fness modd-
stiffness of the mix reached 3.5 x 109 N/m 2 at a ulus can be calculated (Anderson and Leung 1987)
loading time of 20,000 seconds. Readshaw's (1972) from
study of thermal cracking in British Columbia de-
termined that cracking happened when the stiff- S 9 = 0 -2
ness of the mix reached 2 x 108 N/m 2 at a loading 0.5z",.
time of 7200 seconds. where St = tensile stiffness modulus (MPa)

Because the mix stiffness is a function of temper-
ature, asphalt grade, asphalt content and air voids, c =a tensile stress (MPa)
it is doubtful if any one value of limiting mix
stiffness can be used for predicting the onset of The stiffness of an AC mix can also be calculated
thermal cracking. However, an Ad Hoc Committee from direct tension and creep tests (Fromm and
of the Asphalt Institute (1981) has recommended a Phang 1972, Hass 1973). From the direct tension
stiffness value of 18 x 109 N/m 2 as a reasonable test, the stiffness at any time at a set temperature is
limiting stiffness value. But, they recommended calculated from
that more experimental stiffness data, correlated a
with observed pavement cracking temperatures,
be obtained in a way similar to that used on the Ste.
Anne test road (Gaw et al. 1974). The tensile creep test can also be used to deter-

The limiting mixstiffnesscanbeestimated using mine the stiffness of the AC. This test is conducted
the asphalt stiffness and Huekelom and Klomps' by applying a constant load to a specimen main-
(1964) relationship between asphalt and mix stiff- tained at a constant temperature. A typical record-
ness or the nomograph of Bonnaure et al. (1977). In ing of the resulting deformation with time is shown
addition to the above, the stiffness can also be in Figure 11.

To Recorder 445 kN
Weight

"N• ,.--,S Clamps

S" -38 mm x 38 mm x 203 mm
LVDT -I Asphalt Concrete BeamS152. mm

Adjusting Epoxied on Figure 11. Measurement of creep deformation under constant
Screws Metal Plates tensile stress (after Fromin and Phang 1972).

a. Measurement device.

E
EMCD 4 Cyl2Cye3

M 75 x10 Cce2 Viscous Cyl3
E

C\j 50
®C _ yce 2C5l

.. a2 e

0 I I Time (min)
V Elastic 20 40 60 80

Deformation ý t i f

Load Load Load Load
Applied Removed Applied Removed

b. Results.
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Table 2. Some examples ofcreep loads (after Haas the direct tension test were similar to each other
1973). (Fig. 12). The stiffnesses calculated from these tests

Cross-sediMUII Load /ev.'Ifrr were much lower than those predicted by either

Teperaturc a-rea time qf loading (>2 h Jr) the Heukelom or McLeod estimation methods.
S'C) (nm~) (kg) As with the direct tension test, the major draw-

backs to tensile creep tests are the small cross-
-34 1452 227 sectional areas of specimens used and the simula-
-18 1452 249 tion of thermal loading by mechanical means.
-1 !452 68 However, both tests are a step forward when

compared to the indirect tension test.
Specimen sizes have varied in creep tests. Haas The stiffness modulus of AC has been deter-

(1973) used a 38- x38- x 102-mm specimen. Fromm mined from the flexural bending test (Rader 1935,
and Phang (1972) used a test specimen with a 1937; BusbyandRader1972;Sugawaraet al. 1982).
similar cross section but longer (203-mm), Results Busby and Rader (1972) used 89-mm-wide x 83-
of creep tests conducted at temperatures as low as mm-deep x 381-rmm-long test specimens in a three-
-23°C have been reported in the literature (Fromm point loading test. Sugawara et al. (1982) used 25-
and Phang 1972). The applied loads are not con- x 25- x 250-mm test specimens. To simulate ther-
stant, as higher loads are required at lower tem- mal loading, Busby and Rader (1972) used a slow
peratures. For the 14.4-cm 2 cross-sectional area, rate of loading of 0.5 mm/min. For smaller beams
Hass (1973) provided some guidance for the load (51-mm width x 38-mm depth x 152-mm length),
level that could be used in low-temperature creep Rader (1935) used a loading rate of 1.3 mm /min.
tests (Table 2). Fromm and Phang (1972) used a 30- Sugawara et al. (1982) used strain rates of 10-4 to
minutes-on, 20-minutes-off load cycle for their 1.9/s at test temperatures ranging from -37 to
creep tests, measuring the load, deformation, tem- 30oc.
perature and time. A typical load deformation The stiffness modulus is determined from
curve from a creep test is shown in Figure 11.

Ihie stiffness of the mix at a given time and dPL 3
temperature is calculated from 4881

So (To. where P = change in load
E L = span of beam

where o0 is the applied load. Hass (1973) showed 8 = corresponding deflection due to dP
that the stiffnesses obtained from the creep test or I = moment of inertia.

10

Heukelom
Method

o McLeod
0) 7 Method

.~i
5

0

(I) Creep Tests

S• ~Tensile Constant Rate

S~of Extension Tests

101 102 103 104
Time (s)

Figure 12. Relationship between stiffness modulus and time (after Haas 1973).
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The maximum stress, i.e., the tensile strength of in an environmental chamber, where the temper-
the AC mixture, can be calculated from ature is then dropped and the load cell monitored.

As the temperature drops, the specimen tries to

21 shrink. But, since it is restrained by the rigid frame,
it is unable to shrink and tensile stresses develop.

where at = tensile strength As the temperature drops further, the stress in-
P = failure load creases to a point when it reaches the specimen's
c = one-half depth of beam. tensile strength, and then fracture occurs. A typi-

cal load-temperature response from this type of

DIRECT MEASUREMENTS OF test is shown in Figure 13.

FAILURE STRESS AND TEMPERATURE The specimen sizes used by researchers var-
ied-13 x 13 x 254 mm (Hills and Brien 1966), 25 x

Attempts to measure the thermally induced 25 x 305 mm (Monismith et al. 1965, Chipperfield
loads in AC started in earnest in the mid-1960s. and Fabb 1971, Fabb 1974, Sugawara et al. 1982,
The direct measurement of low-temperature fail- Sugawara and Moriyoshi 1984), 38 x 38 x 305 mm
ure strcsses and temperatures has been reported (Arand 1987), and 76 x 76 x 254 mm (Tuckett et al.
by Monismith et al. (1965), Hills and Brien (1966), 1970). The studies conducted by Chipperfield and
Tuckettetal.(1970),ChipperfieldandFabb(1971), Fabb, Fabb and Sugawara et al. used a liquid
Fabb (1974), Sugawara et al. (1982), Sugawara and medium to lower the specimen temperature. All
Moriyoshi (1984) and Arand (1987). Currently, as others used air as the cooling medium. The speci-
part of the research project to characterize mix- men sizes and cooling media used are summa-
tures, the Strategic Highway Research Program rized in Table 3.
(SHRP), under the 003-A contract, has developed The cooling rates reported in the literature
equipment for measuring the thermally induced ranged from 3 to 30'C/hr. Fabb (1974) and Sug-
load in a restrained AC specimen. CRREL was a awara et al. (1982) found that the fracture tem-
consultant to SHRP in the development of the test perature and tensile strength were independent
equipment. of cooling rate when it was equal to or greater than

In general, the test attempts to restrain an AC 5°C/hr; Sugawara et al. (1982) showed that tests at
specimen and measure the thermally induced ten- cooling rates less than 5CC/hr affected the fracture
sile loads as the temperature drops. Basically, the temperature (Fig. 14). For economy of time, most of
ends of an AC test specimen are fixed by a rigid the studies were conducted at cooling rates of 10'C/
frame, and a load cell is attached between the hr, even though these rates are higher than those
specimen and the rigid frame. The specimen, or in found commonly in nature. Fromm and Phang
some cases the whole experimental setup, is placed (1971) reported that in Canada the cooling rate very

25 I I I 1

25 mmx 25 mm x 305 mm
Cooling Rate: 5 °C/hr

20

E
0

co 10

011
-50 -40 -30 -20 -10 0 10 20 30

Temperature (°C)

Figu re 13. Typical stress-temperature cu rve.
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Table 3. Summary of specimen sizes and cooling fluids used in thermal stress
devices.

Specimen size
(width x depth x length) Cooling

lnvest :tators . . . . . . . .. .. (nu!!n) .. . .. . .. .. ..... i!d_............

Monismith et al. (1965) 25 x 25 x 305 Air
Hills and Brien (1966) 13 x 13 x 254 Air
Tuckett et al. (1970) 76 x 76 x 203 Air
Chipperfield and Fabb (1971) 25 x 25 x 305 50/50% water/antifreeze
Fabb (1974) 25 x 25 x 305 Methylated spirit
Arand (1987) 38 x 38 x 305 Air
Proposed SHRP 50 x 50 x 305 Air
Sugawara et al. (1982) and
Sugawara and Moriyoshi (1984) 25 x 25 x 305 Methanol

I I I
N a
E

S30 --

20

20 I
0 10 20 30

Cooling Rate (°C/hr)

- OI-2 
b

' -30-

Q
Ft•"U. I I I

0 10 20 30
Cooling Rate (0C/hr)

Figure 14. Effect of cooling rate on fracture strength and temperature (after
Sugawara et al. 1982).

Table 4. Summary of cooling rates, crack observation and

minimum temperatures reached in thermal stress devices.

Cooling Minimum
rate used Crack temperature

_ Ivesligator, (°C/h r) observed (0C)

Monismith et al. (1965) ? No 0
Hills and Brien (1966) 10 Micro Failure "
Tuckett et al. (1970)t 11 Yes -9
Chipperfield and Fabb (1971) 10 No -20
Fabb (1974) 5,10** Yes Failure
Sugawara et al. (1982) and 3.6.12,18.24 and 30 Yes Failure
Sugawara and Moriyoshi (1984)
Arand (1987) 10 Yes Failure
prýposedSHRP 10 Yes Failure

* The term failure is used to denote that the minimum temperature reached
was sufficient to cause failure.

t The specimens were subjected to thermal cycling (-9 to 46"C/hr).
** Predominant cooling rate used in testing program.
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seldom exceeds 3YC/hr. A summary of the cool- rates were required for our study. We also found
ing rates used, the minimum temperatures reached that the defrost cycle in the coldrooms was ad-
and observed cracks is presented in Table 4. versely affecting the temperature in the box. So,

the insulated box in the coldroom scheme was
DEVELOPMENT OF THE abandoned. Later, a specially designed air cooling
DEVELOPEMET OTRESS Tunit from another project became available. This
CRREL THERMAL STRESS TEST (CTST) unit was capable of producing temperatures in the

The following criteria were used to develop the range of -1(0 to 100°C. With an aid of a program-
thermal stress device: mable temperature controller (OMlGA CN 2012-

1. The test equipment should do thermal stress, P2), the cooling unit was capable of producing
thermal fatigue and creep compliance tests with- cooling rates up to 27 2C/hr. Other modifications
out requiring modifications. included building a tighter, sturdier environmen-

2. The test system should provide accurate data tal chamber for housing the SLS. The resulting
on low-temperature cr .cking, thermal coefficient modified environmental chamber is ,,hown in Fig-
of contraction, creep compliance and thermal fa- ure 16.
tigue. The initial data acquisition-control system con-

3. The cooling system should provide values of sisted of a hand-held 1-11 71 B computer and an HF
temperature drop and low temperatures likely to 3421A data acquisition system. The data were
be seen in the field. stored on flexible micro-disks and hard copies

4. The monotonic andcycliccooling rates should were printed on an HP ink jet printer. With time,
be controlled by a microprocessor. the hand-held calculator was replaced with a per-

sonal computer, and the data acquisition system
System l-steel-aluminum was upgraded. The temperature, load and defor-
specimen loading system (SLS) mation measurements were made through this

The development of the CTST started at CRREL
before 1987, before the involvement of the present
authors. We inherited the test equipment shown in
Figure 15, which had three components: 1) the
Specimen Loading System (SLS), 2) the environ-
mental chamber and 3) the data acquisition system.
The major components of the SLS system included
a rigid A-36 grade steel frame that was 102 cm long
x 48 cm wide x 33 cm high x 2.5 cm thick, and an
aluminum tube. The test specimen was restrained =
between one end of the steel frame and the alumi-
num tube. On the other end of the aluminum tube,
a temperature-compensated (between -18 and
66"C), 44-kN-capacitv load cell was attached. This
load cell was used to measure the tensile load in the
sample from the applied thermal load. The back of
the load cell was attached to the steel frame. rhe
shrinkage of the stiffer steel frame was determined
so as to be exactly compensated for by the shrink-
age of the shorter aluminum tube during tempera-
ture cycling, thus restricting the AC test -ipecimen's
shrinkage and producing the required t = 0
condition.

Temperatur, was initially controlled using a
box that was insulated by rigid foam and placed in
a walk-in coldroom that could be cooled to -40 0C. N .- IV

A heater and fan system was installed in the box for
better temperature control. The fastest cooling rate
possible with this setup was 2.5 0C/hr, but we
considered this inadequate because higher cooling Figurt 15. First CRREL ther1 al stress dt-,ic" (sitstcm 1).
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44

Figure 16. En viroiment chambcr and dala acquisitimi syhm.

system. Although the design of the SLS was pred-
icated on zero axial deformation, actual deforma- 800
tion of the AC test samples was monitored with
four Linear Variable Differential Transformers
(LVDTs), whose nominal linear range was -t-3

mm. The data acquisition system is also shown i ll 600 -.

Figure 16.
The thermal stresses induced by temperature 0

changes measured with this system were much -
lower than those reported by other investigators.
A typical load-temperature response from this 2 400
device is shown in Figure 17. As can be seen, the o0
load was compressive instead of tensile. We think ,
that the compressive load was caused by a net "
shortening of the restraining system holding the _ 200 -
test sample. Fabb (1974) found that movements in
excess of 0.025 mm produced tensile load errors 10 C-h.
greater than 20",,. Therefore, it was important to - r h
minimize any movements in the AC during the
test. We made several modifications to the svstem 0 .
attempting to correct this problem; however, we Tempe20 u 20

had very little success. Nonetheless, the test equip- Temperature C)

mn'nt was useful for studying the temperatu4ur'iire 17. Ttc'rial load rcsFfwhl ;vwllIh tcm('7:ctu I

variation in AC as the specimen was cooled. Tests str>tci.. I.
were also conducted with the SLS to measure tile
coefficient of thermal contraction of AC. The re- ential thermal expansion and contraction ot the
suits from these tests will be presented in a later specimen holder, we designed a second .,'stem
section. that would minimize the effects ot varying tem-

peratures. The device consisted ot a frame of tour

System 2-Invar rod system (IRS) Invar-36 bars between two end platc>, with a lold
After more than a year's effort to correct the cell and a specilllen mounting plate in between

error from the SLS, another approach was taken. (Fig. 1S). Invar was chosen for this application
Rather than trying to fully com|ipensate for difter- beiause of its very low mean thenrnal colficient of

1.4
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Figure 18. Invar Rod S.1001t1 (IRS), Ysi.tclln 2.

expansion (9 x 10-7/ 0 C) and relatively high mood- kN. No changes were made to the cooling s- stven,

ulus of elasticity (148 GPa). The objective of this and initial tests were ruI, :i the thermal chamber

design was to provide a simple, stiff mounting constructed for the SLS.

frame that would not be adversely affected by Initial tests in the ll".,with 76- x 70-rmn spccimens

varying ambient temperatures. were promising, resulting in higher, morec en loads

The specimen, as used in this fixture, is mount- than with the original device. sts with small spec-

ed in Invar end caps using epoxy adhesive. For imens (25 x 25 mim) were especially encouraging.

testing, a mounted specimen is inserted in the However, the frame did not prove to be stiff enough

fixture and attached to a fixed end plate and a for theloadsencountered with thelargerspecinwns.

mounting plate, which isattached to the floatingend A lack of corroborating data for large specimens led

plate through the load cell. Stresses on the sample us to believe that some redesign of the fixture would

cattsed by thermally induced strains in the fixture be necessary. Larger, stiffer Invar rods (0 23.4 mim)

were minimized by using Invar for most of the were used to replace the 0 I3.')-mm rods ot the

critical components in the fixture. Some steel was original design. 11w rods were alSO wrapped in

used to compensate for the Invar shrinkage, al- insulating tape to retard heat transfer and more

though this was not the basis of the design. The closely correlate the thermal response of the rods

similar thermal conductivity and masses of the steel to that of the specimnns . A nitrogen a, coolillg

and Invar components ensured that the thermal system was also designed and incorporated into

responses of the different components would be tile IRS sy'stem to improve the por|tability 1 thie

comparable, thus reducing the stress-strain fluctua- system. TCesting with this system is currentlV on

tions that occurred with the previous SLS design. h0old owing to the development ol a third system,

Instrumentation for the Invar Rod System (IRS) which will be discussed next.

was essentially the same as that used during tihe

latter stages of testing with the original SLS. The II System 3-step motor system ISMS)

kN load cell was replaced with a 22-kN Kulite load Although the tNS wolked well with .1ample up

cell, whose nominal deflection was 0.025 mmn at 22 to StI xO 51i11m, mlorc t-onsistclnt est"s with the larger
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To Controller .~

LVDT (invar rod)

Linear Actuator Invar End Cap
S~Controller

Sample I Invar End Cap (position/force feedback control)
/-0 Load Cell

To Conlroý)er

Load Cell Retaining Screw

Frame

Figure 79. Step Motor Systetn (SMS), system 3.

76- x 76-mm samples were desired. A massive on the system, after initial tests, to more closelv
specimen holder, with a rigid steel frame and a control the length of the specimen. Figure 19 illus-
servo-controlled step motor, was the next step in trates the complete system minus the thermal
the evolution of thermal stress test devices. This cycling chamber. Figure 20 shows the load frame
device, as designed, had the additional feature of with a specimen mounted in the thermal chamber.
partially isolating the thermal cycling environ- Originally, a load frame without the length-
ment from the holding device. A linear position- maintenance feedbacksystem wasenvisioned. The
ing device with closed-loop feedback was installed frame was constructed to withstand forces of 9 kN

Figure 20. SMS with specimen in place.
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with a deflection of less than 0.08 mam, but testing with resolver (64-CI'0bo-220). The s;stem is con-
with an aluminum control sample indicated that trolled by a personal computetr running a Compu-
deflections were greater than originally anticipat- motor PC23 three-axis, controller •64-PC23). The
ed. Structural modifications to the frame increased driver has step and direction input from the index-
stiffness to about 0.02 mm for a 9-kIN load (0.05rmm er, with closed-loop feedback from the moto1 r re-
at 22 kN) at room temperature. Further analysis of solver. Repeatability is 4O.00034, accuracy -t-o. I 0W
the system during thermal cycling tests indicated and resolution 25,600 steps per revolution. The
that there was greater heat transfer than anticipat- motor has a continuous rated torque of 7.77 N m,
ed between the thermal cycling chamber and the with a iotor inertia of 9.28 x 10 N m2. The indexer
frame, resulting in distortion of the frame and has a stepping accuracy of :-0.00 steps with a
partial unloading of the sample. Attempts to cor- position range of 0 to 99,999,999) steps. The board
rect this problem with heat blankets proved is based on an IBM personal computer and was
impractical, so alternative active methods of corn- used in an Intel 286-based computer. It has the
pensating for the deformations in the frame were capability of six inputs and outputs, linear inter-
sought. polation and encoder feedback (not used). All

One of the original ideas discussed at CRREL specifications are manufacturer-based.
for controlling the sample length over varying The drive screw is a Joyce/Dayton Model AR-
load-temperature conditions employed a servo- WJT242-24-INV-T 3 (keyed) 2-ton capacitv jack
drive-ball-screw mechanism using feedback con- screw. The screw pitch i.-, 6.35 mm acme with a
trol. Because of the highcosts of such a system then diameter of 25.4 amm. The screw is driven through
(1988) and the desire to use as much of the existing a right-angle worm drive with a 24:1 ratio. The
SLS (system 1) as possible, this option was not pur- worm gear acts as a nut to drive the nonrotating
sued. Correspondence with the Transportation acme screw. In addition, the worm gear is split to
Research Institute of the Oregon State University avoid backlash when reversing direction,
indicated that they had assembled a cost-effective The LVDT instrumentation on the test sample
system using a load frame similar to the CRREL interacts with the servo-drive, providing the feed-
model employing a Parker Compumotor servo back control necessary to maintain the sample
motor and drive in conjunction with a Joyce/ length over varying parts of the test (Fig. 22). At
Dayton jackscrew. A similar combination of com- startup, the sample is in place in the specimen
ponents was purchased and integrated into the holder, usually with a slight initial load to take up
existingload frame at CRREL. Figure21 shows the any slack. As the temperature in the enclosure
motor-drive screw system. falls, the sample attempts to shrink, resulting in a

The drive system consists of a Parker Compu- force in the sample-constraining structure (frame,
motor Plus driver (64-CHP-DRIVE) and motor jack screw, load cell, etc.). This force causes distor-

Figure 21. Motor-drive screw setup in SNS.
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Thermal Controller Temperature Feedback

Refrigeration System7---f Distribution Box

Test Cell 1lTestir Cel2,e el3

To DAS Figure 22. Feedback control system (DAS data acquisition
systen).

- - •-Test Cell -

Thermal Cycling Enclosure

---- Sp ScrewLoad Cell Sml 4 -Mor Resolver

L LD

From Other Test Cells To and From Other Test Cells

tion in the support structure that, if not compen- imen tended to expand. The step motor then ap-
sated for, would allow the sample to shrink axially plies a compressive load on the specimen. With a
and thus partially unload. As the sample shortens, swivel joint, this compressive load could not be
the length control LVDTs register a decrease in applied uniformly.
length by varying their output voltage. This ana-
log output signal is compensated for ambient tem- EQUIPMENT CALIBRATION
perature (derived from a thermocouple near the
LVDT) and is fed into the servo-drive for the Load cell
stepper motor that positions the jack screw. A The load cell in the SMS is subjected to the same
command to move a fixed number of pulses is sent cooling as is the asphalt specimen. The load cell is
to the stepper motor to correct for this length a Kulite Semiconductor Products, Inc. (Model TC-
differential. A resolver, connected to the drive 2000-5000), 22-kN tension compression load cell
motor, returns to the driver the number of steps that has a special low-temperature (-40'C) corn-
taken during the scan interval of the driver. Any pensation. Nominal deflection at full load is 0.025
difference betweenthe twoisconsiderederror and mm. It employs a stainless steel diaphragm and a
the motor is commanded to make up the differ- four-arm Wheatstone semiconductor bridge, inte-
ence. This feedback control loop will maintain the grally compensated for temperature fluctuations.
sample length whether the sample is shrinking or Tests were conducted to study the influence of
expanding, thus compensating for both decreas- monotonic temperature loading on the output
ing and increasing temperatures, response of the load cell. The load cell, attached to

To minimize fracture induced by the stress the equipment, was set up free from any applied
concentration close to the end caps, swivel joints loads as the temperature was dropped 10 0C/hr.
were added to hold the test specimen to the load Some additional tests were conducted with other
cell and the screw jack, reducing noneccentric temperature change rates. In addition, the influ-
loading near the end of the samples. This joint was ence of two starting temperatures was also stud-
used for monotonic load tests and was replaced ied: 20 and 100C. The results from a regression
with a rigid joint for thermal cycling tests. In the analysis are presented in Figure 23. The load cell
cycling tests, during the warming cycle, the spec- output indicated compression as the temperature
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0.2

1 0°C Start Temperature 
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Figure 23. Load cell calibration for monotonic thermal loading. Figure 24. Hysteresis in the load-temperature
curve seen during warming.

dropped. The initial value was a function of the test is to be conducted. Results from experiments
starting temperature; however, the rate of change conducted at 5, 10 and 20'C/hr showed a hvster-
in the load with temperature was constant. The esis in the load-temperature curve during warm-
total tensile load can be written as a function of the ing (Fig. 24). Although this hysteresis is small, we
form decided to calibrate the load cell to specific tem-

perature cycles. An example of a cyclic load cali-
Load(totaj) = Load(Ac) + Load(load cell) bration test is shown in Figure 25. In most of the

thermal cycling tests, we were interested in the
where Load(Ac) is the thermal load from the re- load at the minimum and maximum cycle temper-
strained AC specimen and Load(load cell) is the load atures. These values are corrected for the load cell
from the change in load cell temperature. variation with temperature. As shown in Figure

On the basis of regression analysis (r2 = 0.96), 26, the variation in the load with temperature is
the Load(boad cell) can be estimated from fairly constant with repeating cycles. However,

there were times when this was not so. Therefore,
Load~load cell) (kN) = Initial Value wedecided to modify the test apparatus so that the

0.0139 * Temperature (°C). load cell is outside the environmental box. The
modification would connect the end plate to the

For cyclic thermal loading tests, the load cell is outside load cell using a low-temperature con-
calibrated for the temperature range at which the ducting ceramic.

0.2
Increasing number of

0 N zerature cycles

0
_ -0.2

-0-4 1
-30 -20 -10 0 10 20 30

Temperature (0C)

Figure 25. Influence of cyclic temperature on load cell measurements.
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Figure 26. Change in hoad cell measurements with time.

Linear variable differential transformers (LVDTs) used for the calibration were 5,10 and 20°C / hr. On
As shown in Figure 27, the displacement mea- the basis of these measurements, the following

surement system consists of a stainless steel barrel corrections were applied to the deformation meas-
and core, brass and invar extension rods and Plexi- urements. The total measured deformation (btotal)
glas fixtures. A";.),f these materials will contract when was the deformation of the aluminum less the sum
cooled, and affect the displacement measurement. of the deformations due to the brass core and inva r

The LVDTs used were the Schaevitz miniature extension rod, i.e.
MHR series, with a nominal linear range of ±0.254
mm and operating range of -55 to 150°C. The 5total = 8aluminum -

5 invar + 6brass-
sensitivity of the LVDTs was 0.254 mm/10 V.

The LVDTs were calibr.'•ed in the environmen- The following coefficients of expansion were
tal chamber using a hollow aluminum tube with a assumed: for the Invar, k = 1.6 x 1046/'C and for
wall thickness of 3.2 mm as a standard (Fig. 28). brass, k = 21 x 10-4/°C. A typical corrected average
The cold air was allowed to circulate around the temperature-shrinkage relationship from the cal-
surface and inside the tube, producing uniform ibration is shown in Figure 29. Also shown in
shrinkage of the tube. The LVDTs were calibrated Figure 29 is the theoretical deformation of alumi-
between 20 and -50°C. The temperature drops num with temperature. A coefficient of thermal

Stainless Steel Core
(5.8 x2.Trrmm )SBrass (15x.2.4mm 0) INVAR (:8xi2.7mm 0)

Stainless / INVAR (25x..9m- 0)Steel Barrel

(9.5 M M. 0. .INVAR(l40x3-2mm. 0

PleigasPlexiglas I
FietureFixture

AC Test Specimen

152.4 mm
r-,, .......... -,. . . . . . . ..... ... ...... . . . . ... . ..... . .. . . ... ... .. - .

305 mm

Figure 27. Displacement tneasu uremen t system.
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304.8 mm

(0,0,0) go80 -*4J 76 2mm

y 6

z 03,.

Thermocouple Placement (mm)
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Figure 31. Variation of temperature in AC specimens.
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To obtain test specimens, an area of 3.7 m long section. As seen in Figure 36, some of the aggre-
x 2.4 m wide was located within the test section gatesareaslargeasthespecimenwidth(orheight),
(Fig. 32). Blocks of AC measuring 40.6 x 20.3 cm x a situation that we considered to be inhomoge-
15.2 cm deep were cut from this area (Fig. 33). nous because of the large aggregates. However, a
These blocks were shipped to CRREL, where they study conducted with the IRS showed that, on the
were further cut into the 305- x 76- x 76-mm test average, the change in the failure stress was small
specimens. These specimens were cataloged and when specimen sizes were changed from 50- x 50-
stored in a -7'C coldroom (Fig. 34). Typical test mm to 76- x 76-mm square (Fig. 37). On the basis of
specimens of different cross sections are shown in this finding, the Strategic Highway Research Pro-
Figure 35. gram (SHRP) adopted a specimen size of 50 x 50

Our initial criterion for specimen size was a mm for the thermal stress test. CRREL has also
minimum cross section of 76- x 76-mm. Earlier adopted this size but continues to test 76x 76 mm
studies concentrated on the 25- x 25-mm cross whenever possible.

FiZure 32. Test section tro which samnples were obtained.

Figure 3.3. Block samph's front test section.
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Coefficient of thermal contraction (k)
The coefficient of thermal contraction for AC

was determined between a temperature range of
20 and -50 0 C. The tests were conducted in the SLS
at cooling rates of 5, 10 and 20°C/hr.

For the tests, four LVDTs were attached to the
test specimen using the jig shown in Figure 38. The
jig was removed and the specimen was supported
by two knife-edge stands in the environmental
chamber. Deformation measurements were taken
every 5 minutes. An average of all the deforma-
tion-temperature shrinkage tests conducted at
5°C/hr is shown in Figure 39. The slope of the de-
formation-temperature curve depends on tem-
perature. This difference becomes more apparent
at very low temperatures. The coefficient of ther-
mal contraction (k) varie. from 29 x 10--6 to 18 x
10--/°C as the temperature drops from 10 to
-40'C. Similar values were found from tests con-
ducted at 10 and 20°C/hr.

Thermal stress
Thermal stress tests were conducted in the IRS

(system 2) and the SMS (system 3). We conducted
the tests using monotonic and cyclic thermal loads
in both systems on specimens of various cross
sections. Typical load-temperature curves from

Figure 34. Specimens stored in coldroom. the IRS are shown in Figure 40.
Most of the tests conducted with the IRS were

on samples made in the field for CRREL. The
TEST RESULTS asphalt in the mixture was specified to be an AC

Some typical results are presented from tests 10, and its PVN, based on CRREL test results, was
conducted with the three systems for the SHRP -1.2. This, according to current Corps of Engineers
program, for the Quebec Ministry of Transporta- specifications, is a high-temperature-susceptibletion, and for in-house studies. asphalt. The AC mix, designed to meet the specifi-

cations for a Type III State of Vermont mix, had

Figu re 35. Diffrren t specie 1101crIOss
"sections used.
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Figure 39. Typical results of deformation because Figure 40. Typical thermal stress test results
of temperature changes in AC specimens. (IRS).

aggregates that were classified as not absorptive atures (Fig. 40). However, in many instances, the
and a gradation that was similar to the low end of failure temperature (point where load drops) was
the Corps' surface course mix gradation. It also had lower than expected and there was no fracture. If a
an average air void of 4.36%, stability of 8674 N and very small mechanical load is applied to the spec-
a flow of 10. imen at the end of the test, a fracture plane develops

In the IRS, the smaller 25- x 25-mm samples (Fig. 41). For the large 76- x 76-mm samples (Fig.
showed fracture at the end of the tests. For the 50- 40), we often did not see the load drop at low
x 50-mm samples, the load drops off at low temper- temperatures or any failure planes at the end of the

Figure 41. Fracture in specimen with 50- x 50-mm cross section.

26



-1600 also went into compression initially because the step
motor was off. When the step motor was turned on
at 10'C, it was able to control the expansion to the

"N •allowable level.
-1200 In this experiment, we attained better control of

System 2 the deformation. Currently, in the SMS, the move-
E _t System 3 ment is controlled to _:ý0.0! mm. A photograph of

the fracture plane in the samples tested in the SMS
is shown in Figure 41. Also shown in Figure 41 is a
"dog bone" AC test specimen. We are experiment-

CD' iing with this type of cross section to develop the
failure planes away from the ends.

'a - -Thermal cyclmg tests were conducted for SHRI1
t -400 in the SMS. The 50- x 50-mm samples were pre-

- pared in the laboratory and provided to CRREL bv
- - SHRP. A typical cyclic temperature-load result for

a specimen cycled between -10 and -20'C is pre-

0 sented in Figure 44. Results obtained by Sugawara
et al. (1982) led us to initially assume that failure
would take place after about 100 cycles. However,

--60 -40 -20 0 20 as the results show in Figure 45, there was a reduc-
Temperature (1C) tion in tensile thermal stress quite early in the

Figure 42. Comparison offifilure temperatures from cycling process that remained fairly constant after
IRS (system 2) and SMS (system 3). that. The reduction in thermal stress is the ratio of

the current stress to the stress level prior to cycling.
testbecauseofthecomplianceofthesystematlow The thermal stress at -10'C drops to zero after
temperatures when large specimens are tested. approximately 70 cycles, indicating that the speci-

Two 50- x 50-mm test samples were tested men has failed. The step motor actually applied a
simultaneously in the IRS and the SMS to examine compressive load for a number of cycles to keep the
the effect of compliance on the measured thermal sample from expanding. However, our visual in-
loads. We found that, although the failure stresses spection of the specimen at the end of the test
weresimilar, the sample in the SMS failed at a higher showed no failure planes.
temperature (-26 versus -40'C) (Fig. 42). The differ- The hypothesis of thermal cracking caused by
ence in the compliance of the two systems during temperature cycling was not confirmed ir "a b-
thermal loading is shown in Figure 43. In the IRS, the oratory tests. As for the failures reported -ug-
movement is not controlled and the sample initially awara et al. (1982), we are not sure if the results
went intocompression. The specimen began to shrink were influenced by specimen size since they used a
when the temperature fell below -10°C. The thick 25- x 25-mm specimen. Also, their temperatures
horizontal lines shown in the figure are the limits wereveryclose to monotonic failure temperatures.
suggested by Fabb (1974). In the SMS, the sample Further research in this area is needed.

0.02 -
E .I .t System 2

00

._Z 0 -FE0 Test

,Z System 3 started here

.27

o-0.02

-.004
-50 -40 -30 -20 -10 0 10 20 30

Temperature (*C)

Figure 43. Variation in displacemient in AC samiples as mecasured in IRS (systemi 21) anid
SMS (systemi 3).
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Figure 45. Reduction in strength because of temperature cycling.

SUMMARY can be applied to the specimen. The cooling sys-
tem associated with this device is capable of gener-

This report shows the various ways one can ating cooling rates between 3 and 27°C/hr, and a
characterizeACperformanceatlowtemperatures. minimum temperature of -60'C can be achieved.
Basically, the characterization can be broken into The device is capable of restraining movements in
direct or indirect measurements. The direct meth- the test specimen to 25 x 10- mm. Various tests have
od is preferred, since the tensile load from thermal been conducted with this apparatus and some of the
loading is measured directly. In the indirect meth- results have been presented in this report.
od, the thermal stress is estimated based on some This device will be used to develop criteria for AC
assumptions of the properties of the AC mixture. pavements subjected to thermal stresses. The cur-

A thermal stress device that employs a step rent Corps asphalt selection criteria for low-temper-
motor and screw jack has been developed at attre performance and the SHRP criteria for perfor-
CRREL for studying the reaction of any AC mix- mance of asphalt mixtures at low temperatures will
ture to low temperatures and thermal fatigue. This be validated. Tests will also be conducted to study
device measures tensile load directly and appears theperformance ofmodified asphalt mixturesat low
to provide more realistic results than the other temperatures. Our goal is to find asphalt mixtures
systems. Both monotonic and cyclic thermal loads that will resist low-temperature cracking.
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